The porin proteins PIA and PIB of Neisseria gonorrhoeae are serotyping antigens for the serovar classification system and leading candidates for gonococcal vaccine development. Although serotyping has been a useful tool, this method can be insensitive to critical sequence changes in the por gene, including those in surface-exposed variable regions (VRs). A sensitive and specific typing system for N. gonorrhoeae has been developed that uses biotin-labeled oligonucleotide probes with chemiluminescence detection to type PIB gene VRs. The PIB VR types of geographically and temporally diverse gonococcal strains and sexual contact isolates were determined. por VR typing discriminated between most unrelated isolates and provided information about individual VR type that was not apparent from serovar designations. PIB VR typing avoids limited monoclonal antibody availability, interlaboratory variation, and the requirement for culture-based surveillance associated with gonococcal serotyping, and provides useful information about the molecular epidemiology of individual por gene VRs.
sequence. By contrast, membrane-spanning sequences are highly conserved among neisserial porins [11] . In support of this structural model, epitopes for antibodies that possess bactericidal activity were mapped to regions that reside within the putative external loops [5, 11, 13] . Sequence variations are nonrandom [14, 15] and occur primarily at the predicted loop apex.
Por sequence diversity among strains serves as the basis for serological typing. In this system, the PIA and PIB classes are subdivided into serovars defined by their coagglutination patterns with a panel of antigonococcal monoclonal antibodies (MAbs) [16] . When combined with auxotyping, serovar classification provides a useful degree of discrimination among unrelated gonococcal isolates [17] . However, serotyping can be insensitive to sequence changes in the Por-encoding gene, including potentially significant differences among major variable regions (VRs) suspected to be antigenic determinants. In addition, only a fraction of the Por-typing MAbs have been mapped [18] , thus limiting the information supplied by serovar determinations. Various DNA-based typing schemes have emerged to provide higher resolution of the genotypic variability found among gonococcal strains [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . Although DNA sequencing gives complete information on por VRs, this technology is generally not readily available or affordable. A molecular typing system based on probes specific for por VRs, however, might provide a reasonable approximation of por sequence.
In this study, we describe the development and utility of a genetic typing system for N. gonorrhoeae based on biotinlabeled oligonucleotide probes to PIB gene VRs. The PIBencoding gene was initially selected for testing the feasibility of this typing system, because PIB strains occur at a greater frequency than PIA strains in gonococcal infections. The discriminatory power of the method was examined by analyzing strains known to be temporally and geographically diverse, unrelated gonococcal strains within a defined population, and epidemiologically linked isolates. Furthermore, the oligonucleotidebased typing system was compared with PIB gene sequence information and with the classical serovar system.
Materials and Methods
N. gonorrhoeae strains and growth conditions. Four collections of gonococcal isolates were analyzed in this study: (1) 17 geographically and temporally diverse strains [17] ; (2) 21 PIB strains isolated from US military personnel stationed in South Korea who had participated in a pilus vaccine trial [4] ; (3) 13 reported sexual contact pairs isolated in Baltimore, Maryland; and (4) 12 sets of strains isolated from reported sexual contacts in England. The following gonococcal strains served as positive and negative controls for oligonucleotide probe hybridization and were kindly provided by M. M. Hobbs (University of North Carolina School of Medicine, Chapel Hill): 1861, 5441, 5589, 6200, 9087, and 9299 [29] . J. Cannon (University of North Carolina School of Medicine) provided gonococcal strains FA1090 and FA19, and strain MS11mkC was from our collection.
N. gonorrhoeae strains were cultivated from either lyophilized cultures or frozen stocks that had been stored at Ϫ70ЊC in Greaves solution (5% bovine serum albumin, 5% monosodium glutamate, and 10% glycerol). Cells were grown overnight at 37ЊC in 5% (vol/ vol) CO 2 on GC medium base agar (Difco, Detroit) supplemented with the following components (per liter): 3.0 g glucose, 8.3 g , 0.1 g L-glutamine, 0.1 mL cocarboxylase (2%), Fe(NO ) ϫ 9H O 3 3 2 and 40 mg L-cysteine hydrochloride. DNA preparation. Genomic DNA was isolated from N. gonorrhoeae cells either by phenol extraction, as described elsewhere [30] , or by use of the Wizard Genomic DNA purification kit (Promega, Madison, WI) according to the manufacturer's instructions. The concentration and purity of genomic DNA was determined spectrophotometrically at wavelengths of 260 nm and 280 nm.
Polymerase chain reaction (PCR) amplification of the PIB gene was done with forward primer PIB.Fpr (5 -ATTGCCCTGA-CTTTGGCAGCCCTTCCT-3 ) and reverse primer PIB.Rpr (5 -TTGCAACCAGCCGGCAGAAACCAAGGC-3 ) by use of a DNA Thermal Cycler (Perkin-Elmer, Norwalk, CT). Forward and reverse PCR primers were complimentary to nucleotide sequence regions located at ϩ16 to ϩ42 and ϩ961 to ϩ982 relative to the transcription start site of the MS11 por gene. Primers were complementary to conserved regions of the PIB gene on the basis of comparisons of published por sequences and corresponded to regions within the signal peptide and loop 8 coding regions, respectively. Amplification reactions were done by use of 1 U of Taq DNA polymerase (Boehringer Mannheim, Indianapolis), 200 ng of template genomic DNA, 1 mM of each primer, 200 mM deoxynucleotide triphosphates, and buffer containing MgCl 2 1 ϫ PCR (Boehringer Mannheim) in a total reaction volume of 100 mL. PCR reactions were programmed for 30 sequential cycles of denaturation at 94ЊC (1 min), primer annealing at 50ЊC (1 min), and primer extension at 72ЊC (2 min), followed by a final extension reaction at 72ЊC (5 min). Reactions generated single PCR products of the predicted size of 1 kb, as determined by 1% agarose gel electrophoresis followed by ethidium-bromide staining.
Multiple-sequence alignment analysis. All sequence analyses were done by use of GCG Wisconsin Package programs (Genetics Computer Group, Madison, WI). Fifty-two full-length PIB sequences and 21 partial PIB sequences were identified in GenBank, excluding sequences that represent the same strain and sequences from strains subjected to transformation. GenBank accession numbers of sequences analyzed are as follows: AF044784-AF044796 [29] , AF090792-AF090807 [15] , M21289 [31] , J03017 [32] , U07887, U09044-U09047, U75631-U75643 [18] , U17019-U17029 [23] , U17234-U17238 [23] , U07827-U07829 [33] , X52823, X52825, X52827 [13] , AF015117, and AF015121 [34] . Multiple sequence alignment of all PIB sequences done by use of the PILEUP program (Genetics Computer Group) was followed by individual multiple sequence alignments of the predicted encoding regions for loops 1, 5, and 6 of the mature protein. The consensus sequences in figure  1A -1C are from multiple sequence alignments done by using 1 representative strain for each unique VR sequence.
PIB oligonucleotide probes. The 5 -end-biotinylated oligonucleotides were synthesized by the Facility for Biotechnology Resources at the Center for Biologics Evaluation and Research, Food and Drug Administration. Oligonucleotide probes were designed to different PIB VRs found within the predicted surface-exposed loops 1, 5, and 6 on the basis of manual sequence alignment of ∼76 PIB genes deposited in the GenBank. The VR-specific probes used in this study are listed in table 1. In addition, probe PIB-univ, which specifically recognizes a conserved sequence that flanks the VR in PIB-loop 5, was used to identify gonococcal strains that contain the PIB gene. This oligonucleotide was specific for both genomic DNA prepared from PIB strains and PCR-amplified PIB DNA. Probe PIA-3, which is complementary to a common sequence located in loop 3 of PIA genes, was specific for PCRamplified PIA DNA but cross-hybridized to genomic DNA prepared from PIB strains. A BLASTN search against the N. gonorrhoeae FA1090 genome database (Gonococcal Genome Sequencing Project [http//www.genome.ou.edu/gono.html]) revealed that the oligonucleotide sequence for PIA-3 had sequence homology (78%) to an unknown region (contig 38) within the genome.
DNA sequence analysis of PIB VRs. The loop 5 regions from gonococcal PIB strains 0068, 204, 288, 375, 446, 721, 948, and TR137 were sequenced by ACGT (Northbrook, IL). The PIB gene from these strains was amplified by PCR as described, and then PCR DNAs were purified by use of QIAquick PCR Purification kit (Qiagen, Chatsworth, CA) according to the manufacturer's instructions. PCR DNA served as the template in single-sequencing reactions that contained either the forward primer PIB5seq.F (5 -GGCGAATCTTACCACGTTGG-3 ) or the reverse primer PIB5seq.R (5 -GGCATTATTGTCGTAACCGC-3 ).
Dot blotting, hybridization, and signal detection. Before it was blotted, genomic or PCR-generated DNA was denatured in a final alkali concentration of 0.4 M NaOH containing 0.4 mM EDTA and then boiled at 100ЊC for 5 min. DNA was applied to ZetaProbe-GT nylon membrane (Bio-Rad Laboratories, Hercules, CA) 2 . The hybridization temperature (T H ) for each oligonucleotide probe was determined empirically by use of positive and negative control DNAs. Prehybridization was done at the appropriate T H for ∼15-20 min before biotinylated oligonucleotide probes (30 ng/mL of hybridization solution) were added to the membranes and permitted to anneal to their complementary sequences for 3-4 h. After probe hybridization, membranes were washed twice in 2ϫ SSC (1ϫ containing 150 mM NaCl and 15 mM trisodium citrate) and 0.1% SDS for 5 min each at room temperature and then once in 0.1ϫ SSC and 0.1% SDS for 15 min at the T H . For signal detection by chemiluminescence, membranes were washed for 2 min in 1ϫ maleic acid buffer (Boehringer Mannheim) and 3% Tween-20 (Sigma, St. Louis) before being blocked in 1ϫ maleic acid buffer containing 5% nonfat dry milk (blocking grade; Bio-Rad) for 30 min at room temperature. Maleic acid buffer could be replaced by 1ϫ Trisbuffered saline (Bio-Rad). After it was blocked, the membrane was incubated for 30 min at room temperature in the presence of streptavidin-horseradish peroxidase conjugate (Boehringer Mannheim) that was diluted 1 : 500 in blocking solution. Membranes were washed twice in 1ϫ maleic acid buffer containing 3% Tween-20 for 15 min at room temperature, to remove nonspecifically bound conjugate. Membranes then were immersed in a solution containing equal volumes of ECL detection reagents (Amersham Pharmacia Biotech, Piscataway, NJ) for 1 min at room temperature followed by exposure to Kodak X-Omat-AR film. Membranes could be probed at least 5 times without any detectable reduction in target DNA retention after stripping in 0.1ϫ SSC and 0.5% SDS for 20 min at 80ЊC-90ЊC.
Results

Analysis of PIB VRs and probe selection.
The deduced amino acid sequences of N. gonorrhoeae PIB genes in GenBank were aligned in regions that corresponded to the 8 external loops predicted by neisserial porin models [11, 12] . The sequence of loops 2, 4, and 8 were mostly conserved among the different analyzed PIB sequences, whereas loops 1, 3, 5, 6, and 7 displayed sequence variability among strains (data not shown). Nucleic acid sequence alignments of PIB genes reported in GenBank were done for VRs encoding predicted loops 1, 5, and 6 of the porin protein. Strains isolated in the United States [29] , the United Kingdom [13, 18, 34] , Kenya [15] , and Singapore [23, 33] were represented. Fifty-two GenBank entries that represented 71 strains had sequence data available for the loop 1 region (figure 1A). Three common sequence types represented 46 strains (65%), and all remaining sequences differed from 1 of the common sequences by only 1 or 2 nucleotides.
Sequences from 73 GenBank entries that represented 92 strains were aligned at the loop 5 VR and loop 6 VR. Multiplesequence alignment of loop 5 VRs revealed 38 sequence types; however, many of these sequences were closely related (figure 1B). Six sequences were found in which the given sequence represented у5 strains. For each of these, strains from at least 2 geographic locations were represented. Strains from all 4 geographic areas were represented in the largest group, all having identical loop 5-VR sequences to M21289 (strain MS11). The 6 common sequence types together represented 49 of the strains (52%), and an additional 20 strains differed from these common sequence types by р2 nucleotides. In the alignment of loop 6 VRs, all 92 strains were represented by 15 sequence types ( figure  1C ). The loop 6-VR sequences of AF044784 and AF044790 represented 30 and 17 strains, respectively, and AF044788, AF044794, and U07828 were also common. All other sequences, except AF015117, showed р2 nucleotide differences from the most common motifs. AF015117 is the por sequence of strains RT117 and RT380, which were reported by Cooke et al. [34] as PIA/PIB hybrids.
To examine the utility of a genotyping system based on nucleotide differences in por VRs, we used biotinylated oligonucleotide probes designed to predominant variable sequence motifs located in loops 1, 5, and 6 ( figure 1A-1C ). Probes were initially tested against genomic DNA isolated from 6 standard PIB strains (MS11, 1861, 5441, 5589, 9087, and 9299), the PIA strain FA19, and Neisseria meningitidis strain H355. Figure 2 shows typical hybridization patterns for genomic DNA dot blots of standard PIB strains probed with 3 VR-specific oligonucleotides. Each hybridization analysis of clinical isolates included known PIB strains that served as positive and negative controls for probings. Cross-hybridization was not observed for DNA target sequences that differed by у3 nucleotides from the oligonucleotide sequence. Some probes-for example, 1-1 and 1-2-clearly distinguished VR sequences differing by 2 nucleotides. Standard PIB DNAs with VR sequences identical to the probe showed strong hybridization signals (see MS11, 1861, and 9087 in figure 2A ; 9299 in figure 2B ; and 5589 in figure  2C ). In the case of probe 6-2, control PIB DNAs differing by 2 nucleotides from the probe showed positive hybridization signals of weaker intensity indicating sequence similarity to the probe (see 1861 in figure 2C ).
Temporally and geographically diverse strains. Genomic DNA from 17 geographically and temporally diverse N. gonorrhoeae strains that had been previously serotyped, auxotyped, and opa typed [17] were por VR typed in a blinded analysis to assess the utility of our genotyping system. PIB strains were distinguished from PIA strains by hybridization with the PIBuniv oligonucleotide probe that was complementary to a conserved sequence in the loop 5 region of PIBs. Of the 12 identified PIB strains, 9 distinct hybridization types were found, compared with 10 previously identified serotypes (table 2) and 12 opa types. Three sets of strains (3790/855, 899/3797, and 3224/ B95) displayed identical hybridization patterns that suggest similar por VR types for the 3 loops tested. These similarities were not identified by serovar type. In addition, 2 sets of strains (PPNG949/3797 and 855/899) with identical serovar designations were shown to differ in 2 of 3 VRs examined. Three of the PIB strains (3633, 3224, and B95) did not recognize any of the 8 loop 5 probes, and work on sequencing these strains is in progress. All of the geographically and temporally diverse Epidemiologically linked isolates. Hybridizations with biotinylated probes were done to type PCR-amplified por DNA from 13 reported gonococcal sexual contact pairs isolated at a sexually transmitted diseases clinic in Baltimore, Maryland. By using the PIB-univ probe, we found 9 of the reported contact pairs expressed PIB, whereas 2 putatively related strains, 783 and 950, were shown to be a PIA/PIB discordant pair (table  4) . PIA strains were identified by hybridization with the PIA-3 probe, which specifically recognizes a common loop 3 sequence in PCR-amplified PIA DNAs. No hybridization of PIB VR specific probes occurred among PIA strains. With the exception of the 1 discordant pair, all of the PIB partner strains gave identical hybridization patterns for all 3 PIB loops analyzed by the oligonucleotide-based typing method (table 4) . Only 1 contact pair, 692 and 559, did not hybridize a PIB-loop 5 probe.
The por genes of the Baltimore sexual contact pairs have been sequenced by other investigators as part of another study (R. Viscidi, personal communication). Comparison of the hybridization assay results with the PIB gene sequences revealed that the VR sequence was identical to the nucleotide sequence of the hybridizing probe in ∼50% of the cases for loop 5 and 170% of the cases for loops 1 and 6. In those instances when the sequences of the PIB VR and the gene probe were not identical, not more than 2 nucleotide differences were present. por Sequencing showed identical loop 5-VR sequences for isolates 692 and 559; this sequence was not represented in our panel of loop 5 probes. The 1 discordant contact pair, 783 and 950, identified in this study was also confirmed by por sequencing (R. Viscidi, personal communication).
In addition, the oligonucleotide-based typing scheme was used to analyze PCR-amplified por DNA prepared from 11 sexual contact pairs and 1 triplet from 2 different locations in England. These strains had been serologically characterized by use of classical methods (table 5) , and each contact group was different by opa-typing (data not shown). Hybridization with the PIA-3 and PIB-univ probes indicated that of the 12 contact groups of isolates, 9 expressed PIB and 3 expressed PIA. This finding agreed with the serotype designation for these strains. As shown in table 5, all of the PIB strains hybridized to a loop 1, 5, and 6 probe. Furthermore, strains reported to be epidemiologically linked exhibited identical hybridization patterns. This finding was consistent with the opa-type data and with the serovar classification, except in the case of partner strains 4541 (IB2) and 4498 (IB26). PIB VR typing of the 2 groups of sexual contact isolates suggested that the collection of isolates from England were less diverse than those from Baltimore. The 9 groups of PIB sexual contact isolates from England were divided into 6 different por VR genotypes, and the 9 PIB contact pairs from Baltimore exhibited 8 different por VR genotypes (tables 4-5). The strains from England showed only 3 loop 5-VR types and 3 loop 6-VR types (table 5) . Among these strains, individual VRs 5-2 (42%), 5-4 (47%), and 6-4 (58%) were common. The Baltimore partner strains exhibited greater heterogeneity in their individual loops, with 7 distinct loop 5-VR types and 4 loop 6-VR types observed within this population (table 4) . Serovar data were not available for the Baltimore strains. Serovar typing of the England strains, however, did not distinguish group 7 from group 9 or group 8 from groups 1, 2, and 3 (table 5).
Discussion
The current standard method for differentiating antigenic variants of Neisseria gonorrhoeae is the Por-based serovar classification system in which serovars are defined by their reactivity with Por-specific MAbs [16] . In combination with auxotyping, serological characterization has proved useful for elucidating the epidemiology of N. gonorrhoeae [17] but has received criticism for not providing sufficient discrimination among unrelated strains. In addition, serotyping depends on the availability of standard MAbs, requires maintenance or transportation of live gonococcal isolates, and is difficult to standardize among laboratories. Genetic typing methods can avoid many of these problems. With the large amount of accumulating knowledge in regard to gonococcal por genes, it was thought that a genotyping system based on por could be developed that would provide the technical advantages of DNA-based methods while also providing epidemiological data relevant to Por-based vaccine development.
In this study, we have shown the utility of a DNA-based por VR typing system for N. gonorrhoeae that uses biotin-labeled oligonucleotide probes. A limited number of probes were chosen on the basis of common VR sequence motifs seen among PIB sequences in GenBank. Eighty-eight gonococcal isolates were por VR typed by use of either genomic DNA or PCRamplified por DNA. Cross-hybridization of PIB gene probes with DNA from PIA strains was not observed. The oligonucleotide-based por typing system discriminated among unrelated gonococcal strains and identified epidemiologically related isolates. Oligonucleotide probing distinguished 9 hybridization patterns compared with 10 serovar types and 12 opa-types for the 12 diverse PIB strains (table 2). The PIB isolates from 9 different sexual contact groups from England showed 6 PIB VR hybridization patterns, compared with 4 serovars (table 5) and 9 opa-types (data not shown). The 9 sexual contact pairs of PIB strains from Baltimore showed 8 different por VR genotypes. With the exception of 1 IA/IB discordant pair (isolates 783 and 950 in table 4), all of the reported sexual contact pairs or triplets exhibited identical hybridization patterns.
Oligonucleotide-based VR typing also provided information in regard to the prevalence of individual por VR types among (table 5) , and 17 (81%) of 21 Korean isolates hybridized to either probe 5-2 or probe 5-6. This suggests that for a given time or geographical origin, even the highly variable loop 5 region may display a limited number of por VR types. Finally, the loop 6-VR type that corresponded to oligonucleotide 6-4 appeared to be predominant, whereas hybridization with the MS11-like probe 6-5 was uncommon (tables 2, 4, 5). Recent studies have indicated that both point mutations and horizontal genetic exchange form the molecular basis for the diversity of gonococcal Por proteins [15, 29, 34] . Although point mutations contribute to Por diversity, multiple sequence alignments suggest that sequence variation of por may be limited [15, 29, this study]. Many identical nucleotide sequences for individual VRs are found among strains isolated in distinct geographic regions. Hybridization results in this study suggested that there is sufficient stability of individual VRs to allow for por VR typing. For example, all PIB strains were typeable for the VRs corresponding to loops 1 and 6, and 87% (62/71) of the gonococcal DNAs hybridized to 1 of 8 loop 5 probes. Sequence data were available for some strains and showed that oligonucleotide hybridization approximated PIB VR sequence to within 1 or 2 nucleotides. This genetic typing system, however, cannot replace por sequencing in studies interested in identifying single point mutations.
Horizontal genetic exchange also contributes to Por diversity. Exchange of the entire por gene results in genetically closely related strains with markedly different Por proteins [29] . Exchange of portions of por result in mosaic patterns in which some regions of por are identical among strains, but other regions are very different. The frequency of mosaic por genes found among strains isolated from a group of commercial sex workers in Nairobi, Kenya, suggests that horizontal genetic exchange contributes significantly to Por diversity [15] . The gonococcal strains typed in this study showed patterns of mosaicism. Hybridization of a particular probe for 1 VR did not predict which probes hybridized to other VRs. Horizontal genetic exchange of partial por genes can be rapidly identified by por VR typing, as described here, because each VR is examined independently. By contrast, por mosaicism may not be identified by serovar designation, because the panel of serotyping MAbs does not completely define all of the loops of Por that display variation.
The relationship between por VR typing and PIB serovar is complex and in many cases unclear. A direct relationship between PIB serovar and por VR type is only apparent when the typing MAb identifies a specific VR epitope. This is the case with typing antibody 2D4, whose epitope has been mapped to the loop 6 VR of gonococcal strain MS11 [18] . Two strains in this study have serovars that indicate 2D4 binding: strain 3633 and strain D12 (table 2). As expected, genomic DNA from these strains hybridized to the 6-5 probe, which indicates sequence similarity to MS11 in the loop 6 VR. The serovar of strains hybridizing to probes 5-2 or 6-4 suggested a relationship between these VR sequences and MAbs 3C8 and 2D6, respectively. However, in both cases there were examples of strains that did not follow this pattern. The differences between serovar and por VR type are highlighted by 3 strains in table 2. Strains 855 and 899 are both serovar IB2, which indicates that they bind MAbs 3C8, 2D6, and 2H1. These 2 strains have different loop 5-and loop 6-VR types, which suggest that the 1B2-typing antibodies do not recognize epitopes that involve the VRs of either loop 5 or loop 6. Strain 3797 has identical por VR types to strain 899 for loops 1, 5, and 6; however, strain 3797 binds an additional MAb, 1F5, classifying it as serovar 1B1. Expansion of the por VR typing system to include VR-specific oligonucleotide probes for loops 3 and 7 is underway and may help explain some of the differences between serotype and por gene VR type. However, MAb binding may be affected by more than the primary amino acid sequence, and single point mutations not identified by VR genotyping may also result in changes in MAb binding.
In summary, a PIB gene VR typing method was developed and applied to a wide variety of clinical strains. This method identified differences among unrelated strains and similarities among sexual contact strains and provided information about the molecular epidemiology of por VRs. VR genotyping has the advantages of DNA-based typing systems because oligonucleotide probes are easily synthesized, transfer of live cultures is not necessary, and typing of PCR-amplified por DNA from urine samples should be possible. Expansion of this system to include PIA typing probes and its application to specific epidemiologic studies, such as typing cohorts of strains isolated over time in a community or typing isolates from repeated infections in core groups, will test the usefulness of the oligonucleotide-based por VR typing method as an epidemiologic tool.
